The g-tensor orientation of the chemically reduced Rieske cluster in cytochrome bc1 complex from Rhodovulum sulfidophilum with respect to the membrane was determined in the presence and absence of inhibitors and in the presence of oxidized and reduced quinone in the quinol-oxidizing-site (Qo-site) by EPR on twodimensionally ordered samples. Almost identical orientations were observed when oxidized or reduced quinone, stigmatellin, or 5-(n-undecyl)-6-hydroxy-4,7-dioxobenzothiazole was present. Occupancy of the Qo-site by myxothiazole induced appearance of a minority population with a substantially differing conformation and presence of E-␤-methoxyacrylate-stilbene significantly reduced the contribution of the major conformation observed in the other cases. Furthermore, when the oxidized iron-sulfur cluster was reduced at cryogenic temperatures by the products of radiolysis, the orientation of its magnetic axes was found to differ significantly from that of the chemically reduced center. The ''irradiation-induced'' conformation converts to that of the chemically reduced center after thawing of the sample. These results confirm the effects of Qo-site inhibitors on the equilibrium conformation of the Rieske iron-sulfur protein and provide evidence for a reversible redox-influenced interconversion between conformational states. Moreover, the data obtained with the iron-sulfur protein demonstrate that the conformation of ''EPR-inaccessible'' reduction states of redox centers can be studied by inducing changes of redox state at cryogenic temperatures. This technique appears applicable to a wide range of comparable electron transfer systems performing redox-induced conformational changes. T he cytochrome bc-complex is the only energy-coupling membrane-integral enzyme common to both photosynthetic and respiratory electron transport chains. In addition to three heme groups, the enzyme contains an unusual [2Fe2S] cluster, the so-called Rieske center. A key enzymatic feature of the complex is the bifurcation of the two electrons derived from oxidation of a quinol molecule at a catalytic site (the ''Q o -site'') into two distinct electron transfer chains within the complex. The Q o -site is positioned between a b-type heme and the [2Fe2S]-cluster of the Rieske iron-sulfur protein (ISP), and the ISP protein has been shown to play a decisive role in turnover at the site (1). Apart from the physiological quinone, the Q o -site binds several competitive and noncompetitive inhibitors of catalysis (mostly quinone analogs) such as stigmatellin, 5-(n-undecyl)-6-hydroxy-4,7-dioxobenzothiazole (UHDBT), myxothiazole, or E-␤-methoxyacrylate (MOA) stilbene.
T
he cytochrome bc-complex is the only energy-coupling membrane-integral enzyme common to both photosynthetic and respiratory electron transport chains. In addition to three heme groups, the enzyme contains an unusual [2Fe2S] cluster, the so-called Rieske center. A key enzymatic feature of the complex is the bifurcation of the two electrons derived from oxidation of a quinol molecule at a catalytic site (the ''Q o -site'') into two distinct electron transfer chains within the complex. The Q o -site is positioned between a b-type heme and the [2Fe2S]-cluster of the Rieske iron-sulfur protein (ISP), and the ISP protein has been shown to play a decisive role in turnover at the site (1) . Apart from the physiological quinone, the Q o -site binds several competitive and noncompetitive inhibitors of catalysis (mostly quinone analogs) such as stigmatellin, 5-(n-undecyl)-6-hydroxy-4,7-dioxobenzothiazole (UHDBT), myxothiazole, or E-␤-methoxyacrylate (MOA) stilbene.
In the recent x-ray structure analyses of the mitochondrial cytochrome bc 1 complex (2-5), the Rieske protein was found in three distinct positions with respect to the remaining subunits of the enzyme, i.e., in a geometry positioning the [2Fe2S]-cluster close to the cytochrome b L -heme [denoted the ''proximal position'' by Zhang et al. (3) ], in a second geometry where the cluster is situated in the vicinity of cytochrome c 1 (the ''distal position''), and in a position intermediate between the two extremes [denoted the ''int'' position by Iwata et al. (4) ]. These three positions were interpreted as representing differing conformational states of the enzyme during turnover, and a domain movement of the Rieske protein was implied as a prerequisite for efficient electron transfer (3) (4) (5) . A detailed reaction mechanism of Q o -site turnover based on the three conformational states was proposed by Iwata et al. (4) , and a crucial role of the protonation state of the histidine ligands to the cluster in this reaction has recently been proposed by Ugulava and Crofts (6, 7) . EPR on twodimensionally ordered samples (8, 9) has been used since the late 1970s to determine the orientations of g-tensor directions of the Rieske cluster with respect to the membrane (10) (11) (12) (13) (14) (15) (16) (17) . Because the different conformations found in the crystals are characterized by significantly altered orientations of the Rieske cluster molecular axes, the proposed variability of conformational states can be observed by EPR on ordered samples, as recently demonstrated on related systems (15) (16) (17) . In comparison to three-dimensional structure determination, the spectroscopic approach represents a less time-consuming method, allowing the screening of a large number of enzymes and of different states of an enzyme in a short amount of time. We have therefore performed an oriented EPR study on various states of the cytochrome bc 1 -complex. The enzyme purified from Rhodovulum sulfidophilum (18) was chosen for the experiments described below because of its high stability and an almost fully occupied Q o -site.
The presence of a number of discrepancies between our results and those of the crystallographic studies furthermore led us to develop a method allowing us to observe otherwise ''EPR-silent'' redox states. This method is likely to be applicable to a wide range of related problems.
Experimental Procedures
Culture Growth and Purification. The bc 1 -complex from Rv. sulfidophilum was purified according to Montoya et al. (18) .
Oriented Membrane Multilayers. Oriented samples were obtained as described by Rutherford and Sétif (9) . Purified bc 1 -complex from Rv. sulfidophilum was washed once in 25 mM morpholinepropanesulfonic acid (Mops), pH7, and once in unbuffered water. In the absence of further reductant treatment, the Rieske center was seen to be largely (Ϸ90%) oxidized. For the reduced oriented samples, the bc 1 -complex was washed in 25 mM Mops, pH 7/5 mM ascorbate (yielding samples containing reduced Rieske centers but oxidized Q o -quinone as judged from the position of the g x -peak at 1.8 in EPR spectra) or in 25 mM Mops/20 mM dithionite (reducing both quinone in the Q opocket and the Rieske centers) and then in unbuffered water. In all these cases, bc 1 -complex was subsequently resuspended in unbuffered water in the presence or absence of the inhibitors UHDBT, stigmatellin, myxothiazole, or MOA-stilbene, applied onto sheets of mylar, and dried in a humidity-controlled atmosphere under argon for approximately 72 h at 4°C.
Oriented and nonoriented samples were frozen, kept cooled in a bath of liquid nitrogen, and exposed to ␥-irradiation provided by a 60 CO-source, at a total dose of 6 kGy. Because the used ␥-radiation was found to induce signals in the quartz of the EPR tubes overlapping lines arising from the ISP, the oriented mylar sheets were transferred at 77 K into the EPR tubes after irradiation.
EPR spectra were recorded at liquid-He temperatures by using a Bruker (Karlsruhe, Germany) ESP 300E X-band spectrometer fitted with an Oxford Instruments cryostat and temperature control system.
All chemicals used were reagent grade.
Results and Discussion g-Tensor Orientations of the Chemically Reduced State in the Presence
and Absence of Inhibitors. Fig. 1 shows EPR spectra of oriented samples prepared from (i) untreated and (ii) stigmatellininhibited cytochrome bc 1 complex from Rv. sulfidophilum measured with the magnetic field parallel (continuous line) and perpendicular (dotted line) to the plane of the mylar sheets. In the untreated sample, only 10% to 20% of the Rieske centers were in the reduced state (as judged by comparison with ascorbate reduced samples), whereas the complement of Q oquinones was fully oxidized as evidenced by the position (g ϭ 1.80) and line width of the g x -peak (19, 20) . As can be seen from the spectra, the samples were well ordered, and the orientations of principal g-tensor axes (Fig. 2) corresponded to those observed previously, i.e., g x perpendicular and g z and g y parallel to the membrane (10-14) both for the untreated and stigmatellin- inhibited sample. This demonstrates that the orientation of purified complex resulted in two-dimensional ordering similar to that obtained on the parent membranes as already reported by Riedel et al. (13) and Rutherford and Sétif (9) . The identical orientations of the uninhibited and the stigmatellin-treated samples are in apparent contradiction to the results observed by x-ray crystallography (3), where the Rieske protein was found in the proximal orientation when stigmatellin was present and in the distal position in the absence of inhibitor. We furthermore determined the g-tensor orientation of the UHDBT-, myxothiazole-, and MOA-stilbene-inhibited complexes as well as that of untreated complex under redox conditions where the Q o -site quinone is fully reduced. In almost all cases (with the exception of myxothiazole and MOA-stilbene; see below), the orientations of g-tensors with respect to the mylar sheets were close to identical (Fig. 2, dotted lines) . In the presence of myxothiazole, a small broad second maximum of g y was observed at high angles with respect to the membrane, indicative of the existence of a second population of centers oriented substantially differently from the dominant population. A respective side maximum on g x could not be detected, probably because of low signal size. g z was too close to the radical signal to be evaluated with sufficient precision.
In contrast to all these cases, addition of MOA-stilbene resulted in the appearance of a clearly visible side maximum on g x at about 45 o ( Fig. 2c , dashed line). The apparent amplitudes of the contributions at 90°and 45°are roughly similar, which means that, considering the fact that perpendicular orientations have singularly high signal amplitudes, the 45 o orientation represents the dominant population of centers. No obvious additional maximum could be detected in the polar plots of the g y -signal, suggesting that either the g y signal is too broad to be detected, or the g y contribution of the second conformation is contained within the major lobe of the polar plot. In view of the significant signal amplitude of the new conformation in the g x -region, the latter possibility appears more likely to us. We therefore expect the g y -orientation to lie at low angles (Ͻ30 o ) with respect to the membrane. Again, a sufficiently accurate evaluation of the g z -signal was precluded by overlap with the signal of the radicals.
As will be discussed below, myxothiazole and MOA-stilbene were also found by the crystallographic studies to induce conformations different from that obtained in the presence of stigmatellin (3, 5) . However, whereas we detect the uninhibited center in the same conformation as in the presence of UHDBT or stigmatellin (in line with Kim et al.) , other crystallographic studies observed a significant fraction of uninhibited centers in a conformation different from the stigmatellin/UHDBT state. A possible rationalization of this discrepancy consisted of the fact that the crystallographic studies observed the Rieske protein irrespective of the redox state of the cluster, whereas EPR detects only the paramagnetic, i.e., reduced state, of the [2Fe2S] center. To address this question by producing reduced cluster while maintaining the conformation of the oxidized complex, we chose to reduce the cluster by ␥-irradiation at cryogenic temperatures.
Low-Temperature ␥-Irradiation-Induced Reduction of Samples. Ionizing radiation produces several reactive species, such as hydrogen and hydroxyl radicals or hydrated electrons that are able to change the redox states of metal centers because of their relatively high mobility even at cryogenic temperatures (21, 22) . At these temperatures, however, large-scale conformational changes of enzymes are impaired (23, 24) , and therefore the protein maintains the conformation of the oxidized state despite reduction induced by the products of radiolysis. We have used oriented and nonoriented samples in a largely oxidized state (i.e., as purified without explicit reduction). In these samples, a small fraction of the Rieske cluster is in the reduced state (see Figs. 1a and 3a) providing an internal standard for the orientation. The samples were frozen and cooled to 77 K in a bath of liquid nitrogen. Subsequent exposure to ␥-irradiation while maintaining the sample at 77 K resulted in the creation of several new paramagnetic species, most of which were stable only at cryogenic temperatures. The following major paramagnetic species could be identified (Fig. 3) : (i) A pair of sharp lines (Fig. 3 , denoted by *) characterized by a splitting of 50.5 mT and arising from the H˙radical, the splitting into two lines being because of hyperfine interaction between the unpaired electron and the I ϭ 1/2 nuclear spin of the hydrogen atom (21) . This radical was stable only up to about 100 K. (ii) The spectrum of the OHṙ adical (not visible on the scale of the depicted spectra) (22) , which was seen to be stable up to about 200 K; and (iii) three pairs of lines (symmetrical about g ϭ 2, 3 lines are outside the depicted spectral region, the visible lines are denoted by ''ϩ'' in Fig. 3 ) corresponding to a triplet spin state (the characterization and identification of this species will be described elsewhere). This species was stable up to room temperature and slowly diminished only when the sample was kept at room temperature for several minutes. All these paramagnetic species were found after ␥-irradiation of both oxidized and ascorbate-reduced samples (not shown), i.e., did not depend on the redox state of the Rieske cluster. The line at g ϭ 1.915 (marked g y ␥ ), additional signal amplitude in the region of the g z -peak, and a very broad trough in the region of g ϭ 1.78 (see below), persisted after incubation at room temperature (Figs. 3d and 4b) . Fig. 4 provides a better spectral resolution of the signals observed in the field region of the Rieske cluster. The spectra of Fig. 3 were recorded at conditions maximizing signal amplitudes of all paramagnetic species, i.e., by using a very wide scan (500 mT, only 80 mT of which are represented in the figure) and a high modulation amplitude (3.2 mT). In Fig. 4 , the spectral region of the Rieske center was recorded at a modulation amplitude of 1.6 mT, and the resolution of the g z -peaks is enhanced by representing signals with g Ͼ 2 on a five-times-expanded field scale. As can be seen from Fig. 4 , additional signals at g ϭ 2.04 and g ϭ 2.015 were induced by irradiation in the vicinity of the Rieske cluster's conventional g z -signal at g ϭ 2.025. The signals at apparent g-values of 2.04 and 1.96 of Fig. 4 were induced by radiolysis also in samples where the Rieske cluster was chemically prereduced before irradiation (not shown), and furthermore do not arise from a spin 1 ⁄2 paramagnetic species [these signals in fact represent two partner lines of a triplet spectrum (see above)]. The fact that the remaining spectral features with g-values of 2.015 and 1.915 strongly resemble the g z -and g y -values of the chemically reduced Rieske cluster (2.025 and 1.90), together with the failure to induce the spectrum by ␥-irradiation of samples when the Rieske center was chemically prereduced, demonstrated that this paramagnetic species must represent the fraction of Rieske clusters reduced by the products of radiolysis at cryogenic temperatures (for an identification of the g x ␥ -signal, see below).
Irradiation-Induced Reduction of Inhibitor-Treated Samples. Because in the structures reported by Zhang et al. (3) different positions
of the Rieske protein were found in the presence and absence of the inhibitor stigmatellin, we performed the radiolysis experiment also on a complex oriented in the presence of inhibitors. Samples prepared in the presence of the inhibitor UHDBT yielded qualitatively similar results to the uninhibited complex but showed a better separation between the g z -peaks of the chemically and the ␥-ray-reduced forms (Fig. 4b) . The presence of UHDBT in fact displaces the g z -peak of the chemically reduced cluster to g ϭ 2.04 (20) , thereby reducing the spectral overlap between g z and g z ␥ (Fig. 4b) . In addition, the signal corresponding to the paramagnetic x-axis of the ␥-ray-reduced cluster was clearly visible in a narrow range of orientations (Fig.  4b, 20°-spectrum) . Overall, the presence of UHDBT induced only marginal deviations on the orientations as compared with the uninhibited sample (see below). Attempts to observe the respective state on the oxidized form of the stigmatellininhibited enzyme (because in the presence of stigmatellin the proximal position was found in the crystal study) were unsuccessful because addition of this specific inhibitor to oxidized samples resulted in the spontaneous reduction of the Rieske cluster. This is because of the dramatic rise in redox midpoint potential of the Rieske cluster induced by stigmatellin, as described previously (25, 26) .
g-Tensor Orientation of the Photolysis-Reduced Cluster. As is evident from a comparison of the spectra taken at 0°, 40°, and 90°with respect to the membrane (Figs. 3 a and d and 4 a and b) , the orientation dependences of the radiolysis-induced signals g z ␥ and g y ␥ were significantly different from those of the respective signals in the chemically reduced state. The orientation dependence of the ␥-ray-induced spectrum (continuous lines) is compared in the polar plots of Fig. 2 to that of the chemically reduced species (dotted lines). The z-and y-directions that are parallel to the mylar sheet in the chemically reduced cluster were found at angles of about 40°to 50°in the radiolysis-reduced center. Because the three principal directions of the g-tensor are mutually perpendicular, the x-direction must be expected to be almost parallel to the membrane. A very broad line was indeed observed close to 0°in the uninhibited sample; its low signal intensity, however, precluded a precise evaluation of its orientation. In the UHDBT-treated sample, which showed orientations of g z ␥ and g y ␥ rather similar to those of the uninhibited sample, the g x -trough was relatively well resolved (Fig. 4) and was found to be maximal at 15°with respect to the mylar sheets (Fig.  2c) . The x-direction therefore differed by about 75°between both forms of the Rieske cluster (Fig. 2 Lower) . The drastically altered orientation of the magnetic axes of the ␥-ray-reduced cluster as compared with the ''normal'' orientation is schematically visualized in Fig. 6 .
Conformational Relaxation at Room Temperature. In nonoriented samples, the same paramagnetic species as described above were found to be induced by ␥-irradiation when the spectra were recorded after irradiation without allowing the sample to warm up. By contrast, when the nonoriented sample was thawed, the ␥-ray induced spectrum disappeared concomittantly, with an increase of the spectrum corresponding to the chemically reduced form (Fig. 5a ) demonstrating that the ␥-ray induced spectrum actually arose from Rieske centers in an altered conformation. Thawing of the sample allows the radiolysisreduced Rieske centers to flip to the equilibrium conformation of the chemically reduced iron-sulfur cluster. This relaxation, however, was hampered in the oriented samples, because both Instrument settings were as described in Fig. 1 apart from a modulation amplitude of 1.6 mT. Note the differing field increments before and after the axis break, yielding a better spectral resolution of the field region of the g z-lines.
spectral shape and orientation of the low temperature-reduced Rieske clusters persisted after prolonged incubation at room temperature (Figs. 1 and 3d) . The inability to relax to the chemically reduced form in oriented samples was found to be at least partially caused by the reduced water content in the dehydrated multilayers. Rehydration of the ␥-irradiated oriented samples resulted in a partial conversion of the ␥-ray-induced orientation into that of the chemically reduced form (Fig. 5b) . This conversion was incomplete because (i) the water applied to the dried samples affects only the upper layers and does not penetrate down to the bottom of the multilayered sample, and (ii) there is a certain probability of radical-induced crosslinking between the Rieske protein and neighboring subunits. Indeed, the nonoriented sample also shows incomplete relaxation to the chemically reduced form (Fig. 5a) .
Correlation of Observed g-Tensor Orientations to Conformational
States. Three independent lines of reasoning suggest a specific attribution of the two conformations of the Rieske cluster's magnetic axes observed by EPR to the proximal and distal geometries seen in the crystal structures (3) (4) (5) . First, in the proximal position of the crystallographic studies, all three symmetry axes of the cluster that are expected to be roughly collinear with the structural symmetry axes (27) are either perpendicular or parallel to the plane of the membrane, whereas the distal position points these axes at oblique angles to the membrane (3).
[The geometric symmetry axes of the Rieske cluster correspond to (i) the Fe-Fe-direction; (ii) the vector going through the two acid-labile sulfur atoms; and (iii) the orthogonal direction with respect to i and ii represented by the vectors joining either the two N(his)-or the two S(cys)-ligands to the cluster.] The same pattern of orientations is found for the chemically and the irradiation-reduced EPR species, respectively (Fig. 6) . Second, the chemically reduced EPR species in the presence of oxidized quinone (Fig. 2 , open up-triangles) has been shown to interact with the quinone molecule in the Q o -site (14, 19, 20) . This indicates a close vicinity of the Rieske cluster to this site and corresponds to the proximal position seen in the structure. Third, the presence of the inhibitors stigmatellin (3, 5) and UHDBT (5) was reported to induce the proximal conformation, whereas MOA-stilbene was seen to favor the distal conformation. In the EPR experiments, the g-tensor orientations observed in the presence of both stigmatellin and UHDBT corresponded to those of the chemically reduced states, whereas in the presence of MOA-stilbene, an oblique orientation was observed.
The paramagnetic x-axis of the Rieske cluster would thus be expected to be collinear with the Fe-Fe-axis (cf. Fig. 6 ), resolving a long-standing controversy concerning the attribution of this axis (27) (28) (29) . The two remaining axes cannot be assigned from our data, because in both the chemically reduced and the ␥-ray reduced Rieske clusters, the angles of the y-and z-axes are roughly similar with respect to the membrane. The tilt angle of 57°seen in the structural work is intermediate between that observed on going from the chemically to the ␥-ray reduced species (75°) and that found between the uninhibited and the MOA-stilbene treated states (45°).
Comparisons Between the EPR Data and the Results of the Crystal
Structures. In the structural studies (3) (4) (5) , the equilibria between the different conformations were interpreted as being influenced by the presence and nature of Q o -site inhibitors. The EPR results corroborate these conclusions, showing that the presence of myxothiaxole or MOA-stilbene alters the equilibrium between these states as compared with the enzyme with a Q o -site occupied by quinol, quinone, stigmatellin, or UHDBT.
In the crystal structures from different groups (cf. [3] [4] [5] , the position of the ISP in the uninhibited enzyme, however, appears rather variable. The EPR results suggest a rationalization for this finding, because in the reduced state of the cluster we detect the ISP in the proximal position, whereas when the cluster is oxidized, it appears to be close to what has been defined as distal positions by the structural articles. According to the EPR results, the position of the ISP in the complex is therefore at least partially controlled by the redox state of the [2Fe-2S]-cluster. The discrepancies in structures between different groups may thus be caused by inequivalent reduction states of the ISP.
This raises the question in which way the redox state of the iron-sulfur cluster can possibly influence the conformational equilibrium.
The model for the initial steps of quinol-oxidation as proposed by Ugulava and Crofts (6) suggests a structural interpretation for these phenomena. In their model, binding of quinol and subsequent reduction of the ISP require that the histidine ligand of the cluster that interacts with the quinol must be deprotonated to allow formation of a hydrogen bond between the quinol's hydroxy group and the deprotonated nitrogen of the imidazole moiety. Both in the structural studies and in the EPR experiments, pH values are roughly neutral, so that in the oxidized state of the cluster, the histidine ligand will be partly protonated and partly deprotonated (the pK of the histidine is close to 8). With the exception of the EPR data on reduced quinone (see Fig. 2 ), ambient potentials are such that the quinone will be quantitatively oxidized. The fraction of ISP having a protonated histidine ligand will now be able to engage in a hydrogen bond with an oxygen of oxidized quinone, locking the ISP in the proximal position. The remaining part of ISP will lack this interaction and therefore will be present in one (or more) of the distal positions. In the reduced state of the cluster, however, the pK of the proton on histidine is significantly upshifted, resulting in spontaneous protonation of the histidine ligand on reduction of the cluster. In this state, all ISP will be observed in the proximal position in line with the EPR data. According to this model, one might expect the reduced ISP to go to the distal state in the presence of quinol, a fact that we do not observe. However, in this state, no strong interaction between quinone and the iron-sulfur cluster occurs, as witnessed by the absence of the narrow g x ϭ 1. 
Conclusions
Until recently, it has been assumed that proteins involved in electron transport have to be rather rigid to allow efficient electron transfer rates. A long-range domain movement, as shown in this work and postulated already from the crystal structures (3) for the cytochrome bc 1 complex, represents a different mechanism for bridging long distances between redox centers. In the bc 1 complex, the extrinsic domain of the Rieske protein nods like a ''pump head'' to transfer electrons from the quinone in the Q o -site to cytochrome c 1 . The method of ␥-rayinduced reduction described here has been applied to cytochrome bc-type complexes from evolutionary distant species (Archaebacteria, higher plants, etc.), all of which show similar behavior (detailed reports will be presented elsewhere). The method using radiolytic reduction at cryogenic temperatures together with EPR spectroscopy represents a quick and generally applicable technique for a wide range of redox proteins. In particular, it allows one to tackle problems that could not be studied so far when the samples were EPR silent.
